Adsorption geometry, molecular interaction, and charge transfer of triphenylamine-based dye on rutile TiO2 (110) Experimental and theoretical studies of charge transfer and deuterium ion transfer between D 2 O + and C 2 H 4
INTRODUCTION
Phthalocyanines (Pc) are an important class of materials for applications in organic electronic devices by virtues of their good chemical and thermal stability, easy synthesis and especially tunable physical properties through decorating the organic center with a metal atom, metal-oxo, or metalhalide moiety. 1, 2 Generally, device performance is not simply a summation of the properties of the different constituents, but can gain additional improvements or suffer from drawbacks from the interfacial structure. [3] [4] [5] Therefore, much efforts have been put into understanding the system of phthalocyanines on various substrates: semiconductors, 5 metals 6-8 and organic layers. [9] [10] [11] Meanwhile, scientists try to establish a "universal rule" for the interaction between organics, especially Pc, and semiconductor substrate based on theoretical calculations. 3, 4 In the past two decades, the oxide/organic interface, especially in the field of photovoltaics, 1, 12 has attracted much interest. TiO 2 is usually used as the working electrode for such devices. Previously, we have found that Pc molecules (FePc, 13, 14 TiOPc, 15 and H 2 Pc (Ref. 16 )) suffer from electron depletion when absorbed on TiO 2 . However, the various contributions from the central parts to the organic ring are not yet clear, nor is the exact interaction of the organic part with the substrate. Zinc phthalocyanine (ZnPc, Figure 1 ) has been used as a model metal phthalocyanine 4, 6, 8 since the fully filled Zn a) Authors to whom correspondence should be addressed. Electronic addresses: shuny@kth.se and gothelid@kth.se. d-orbital is deeply hidden below the organic ligand frontier orbitals. Thus the interaction between ZnPc and a surface is mainly mediated by the organic part.
In this work, we use photoelectron spectroscopy (PES) and near edge X-ray absorption fine structure spectroscopy (NEXAFS) to investigate the electronic structure of ZnPc during initial stages of growth on TiO 2 . The analyses focus on the local charge distribution and charge transfer related screening, which are obtained by comparing PES peak shifts and NEXAFS resonant transitions' shifts. A slightly inhomogeneous charge density and a distinctively different charge transfer screening within the molecular plane are suggested at the interface, providing a model picture for the interaction between metal phthalocyanine organic ligands and TiO 2 .
EXPERIMENTAL AND THEORETICAL METHODS
The experiment was done at the surface end station of beamline I511 at MAX-lab, Lund, Sweden. This beamline provides a horizontally polarized photon beam at grazing incidence (around 7 • ) in the soft X-ray region. A Scienta R4000 spectrometer is mounted on the analysis chamber, which can rotate around the axis of the photon beam. Sample preparation was done in the preparation chamber which is linearly connected to the analysis chamber and almost aligned to the photon beam. The chamber is equipped with an Ar sputter gun, sample annealing and low energy electron diffraction (LEED) optics, as well as a molecule evaporator. The substrate was a single crystal rutile TiO 2 (110) (Surface Preparation Laboratory, the Netherlands) mounted with the [001] direction along the incident beam. After being introduced into the ultrahigh vacuum (UHV) chamber, the sample was thermally treated at around 1000 K in UHV to create oxygen vacancies and increase the conductivity. The sample color changed from transparent to light blue. Before each deposition, the surface was cleaned by several cycles of Ar + sputtering and annealing in UHV until the LEED showed a clear 1×1 pattern. ZnPc (Sigma-Aldrich, 97% purity) was deposited on the surface at room temperature by sublimation from a home-made Knudsen-type cell. The molecular powder was thoroughly outgassed before deposition, until no impurities (mainly water) were detected in mass-spectra.
Photoelectron spectra were collected after each deposition at normal emission. All spectra are normalized to the background: the intensity at the lower binding energy side for core levels and at 25 eV for valence band (VB) where neither substrate nor molecular orbitals contributes. Photoelectron spectra were collected using different photon energies and total energy resolutions: C1s 382 eV/117 meV, N1s 490 eV/150 meV, Zn3d/VB overview 160 eV/33 meV and VB gap region 80 eV/18 meV. To avoid beam damage, the sample was moved (1.7 μm/s) during X-ray exposure. The energy scale in PES was calibrated to the Fermi level, recorded from a tantalum foil in electrical contact with the substrate. Curve fitting of core level spectra was done with Voigt functions and a Shirley background by using the software Fitt-win. 17 The fitting parameters are listed in Table I . The coverage was determined by the ratio between the total N1s intensity and the maximum intensity of N1s interfacial component.
NEXAFS was measured in Auger yield mode. The spectrometer was placed in the plane perpendicular to the beam, and at 45 • angle off the photon E vector plane. p and s polarization geometry were achieved by rotating the sample either normal or parallel to the E vector. The photon energy was calibrated from the difference in kinetic energy of the Ti2p 3/2 peak measured by the first and second order lights. C Kedge NEXAFS has been normalized to spectra collected from the clean TiO 2 surface at the corresponding polarization in order to remove contributions from carbon and chromium contaminations in the beamline optics. Spin-polarized density functional theory (DFT) calculations have been carried out for a single molecule by using the DMol3 code. 18, 19 We used the generalized gradient approximation (GGA) with the Perdew-Burke-Ernzerhof 20 functional (PBE) for the geometry optimization and the electronic structure calculations. Effective core potentials with doublenumeric quality basis and all electron potentials with doublenumeric polarized basis have been employed for the description of core electrons during the optimization and the energy calculation, respectively. In our calculations, the convergence criteria for structure optimizations were set to (a) energy tolerance of 1.0 × 10 −6 Ha per atom, (b) maximum force tolerance of 1.0 × 10 −4 Ha/Å, and (c) maximum displacement tolerance of 1.0 × 10 −3 Å.
RESULTS AND DISCUSSION

Photoelectron spectroscopy
C1s and N1s core level spectra are arranged from bottom to top according to their coverages in Figure 2 . In the top, typical phthalocyanine C1s (Figure 2 (a)) and N1s (Figure 2 (b)) spectra from the thick film are shown. C1s consists of three visible peaks at 284.7 eV, 286.1 eV and around 288.0 eV. The major one is assigned to benzene carbon (C B as indicated in Figure 1 ), the second is due to pyrrole carbon (C P ) and the last one is the shake-up structure related to C P . 21 The shake-up related to C B , is located within the 2 nd peak. The ratio between the pyrrole and benzene carbon contributions in PES depends on the surface sensitivity and molecular orientation. 22 For N1s, only one dominant peak appears at 398.8 eV, accompanied by a weak shake-up structure at 1.8 eV higher binding energy, which is close to the HOMO/LUMO gap. 23 Spectra from films in the monolayer region display completely different line profiles. The dominant C1s feature is a peak around 285.4 eV with a shoulder at 284.6 eV and a broad hump centered at 287.5 eV. As the coverage increases, the shoulder at 284.6 eV gradually develops into the thick film spectrum while the dominant features from the monolayer are weakened. Similarly, N1s spectra ( Figure 2(b) ) contain a double peak in the monolayer region, instead of the single peak of the thick film, with the main component at 400.6 eV and the other at 398.9 eV. During the following depositions, the interface component vanishes and the spectrum develops into a bulk like spectrum. We summarize the line profile development, 1) there are two different adsorption modes coexisting as deposited which display distinctive core level shifts; 2) the high binding energy components are assigned to interface molecules, indicating a strong influence from the substrate; the other features at lower binding energy are thus related to "bulk-like" molecules not in direct contact with the surface. It was also found that the intensity of the interfacial components did not saturate until the coverage reached 1.5 ML. Hence, initially this molecu-lar film adopts an islands growth mode under our deposition condition.
Previously, Palmgren et al. reported a similar core level development for iron phthalocyanine (FePc) adsorbed on rutile TiO 2 . 13 The shifts between interfacial and bulk-like molecules were: 1.2 eV for C B , 1.1 eV for C P and 1.3 eV for N1s. 13 In the present case, the C B shift is considerably smaller than the N1s splitting. In order to extract the binding energy of each component, curve fitting was done. The results I for fitting parameters). The blue one represents the "unperturbed" bulk-like molecule and the green one represents interface molecules. We have used the same line profile and positions for all preparations. In Figure 2 (c), C B and C P of the interfacial molecules (B I , P I ) are shifted by approximately 0.8 eV and 1.5 eV to higher binding from the bulk-like components (B B , P B ). Similar to FePc/TiO 2 , no shake-up structure is observed for the interfacial components. 13 In Figure 2 (d), the N1s shift between interfacial molecules and bulk-like molecules is about 1.7 eV. The observed shifts (between interface molecules and "bulk-like" molecules) are the result of different electronic environments. The binding energy of the photoelectrons is determined by the combined initial state binding energy and the final state screening. From the initial state point of view, the chemical shift stems from the local charge distribution: the less charge surrounding the emitting atom, the higher the core level binding energy. In the final state, a poorer screening will shift the photoemission peak to higher binding energy, whereas a better screening will give an apparent lower binding energy.
According to the molecular structure of ZnPc (Figure 1 ), both C P and nitrogen atoms are located in the inner part of the molecule while C B is at the periphery. The N1s and C P shifts are similar, 1.7 eV and 1.5 eV respectively, while the C B shift is only 0.8 eV. Thus, the different shifts can be assumed to reflect differences in electronic environment on the inner and outer parts of the molecule. The chemical shift indicates electron deficiency all over the molecule. The larger core level shift on the inner atoms would also suggest that the central part has a lower charge density and/or is less screened than the outer part.
Since the spectral components overlap, especially C1s, one should take care not to over-interpret the fitting results.
Nevertheless, a general tendency can be found for both C1s and N1s that the interfacial component has a larger Lorentzian width than the bulk component. Generally, the Lorentzian width is related to the life time of the core excited state: the larger the width is, the shorter the lifetime is. Thus, the core excited state of the interfacial molecules has a shorter life time than in the thick film.
Valence band spectra are shown in Figure 3 . The thick film spectrum is plotted as a reference in the top of each panel. In the left panel, overview spectra show that molecular orbitals only slightly modify the substrate signals except of the rapid development of Zn3d orbital around 11 eV. In the middle panel, close-up spectra around the Zn3d region are presented. On the clean surface, a small hump is seen at 11.0 eV, which is due to the 3σ orbital of residual hydroxyl on the surface. 24 Zn3d appears at 10.8 eV at low coverage and shifts to 10.5 eV when 2 ML is achieved. Upon further deposition, the peak shifts back to higher binding energy and stays at 10.7 eV. Although we have not made any curve fitting, it is reasonable to assume at least two components within Zn3d: one from interfacial molecules at around 10.8 eV and the other from bulk-like molecules around 10.5 eV, following the discussion of C1s and N1s. The shift is much smaller than in N1s and C1s, but it was pointed out by theoretical calculations 25 that changing the molecular charge by either removing or adding electrons will have less influence on the charge around the Zn metal center, as it is moderated by the electron density of the periphery of Pc ring. Since Zn3d is filled and sufficiently deep to form almost pure molecular orbitals, 25, 26 it is only mildly disturbed by charge transfer. Giovanelli et al. 27 have shown that Zn3d is well screened by the delocalized π electrons. In potassium doped ZnPc films it was shown that although the HOMO/LUMO shifted by 0.6 eV with respect to the Fermi level, Zn3d remained at the same position. In our case, the different shifts in Zn3d, C1s and N1s are a combined result of 1) the loss of electrons in the molecule mainly affects the inner ring of the molecule and 2) the delocalized ligand orbitals efficiently screen the center Zn atom. Rienzo et al. 28 put zinc protoporphyrin on TiO 2 , which has a similar molecular structure as ZnPc, and observed a removal of the zinc atom from the central porphyrin ring. This resulted in a Zn2p shift to lower binding energy compared the thick film, indicating a more neutral zinc atom on the surface. Their observation is opposite to ours, which excludes removal of zinc from the organic ring.
In the right panel of Figure 3 , the HOMO region is displayed. A peak is observed around 0.9 eV on the clean surface which is the TiO 2 defects states. 24, 29 The origin of this defect state is still under debate. 24, 29 However, two possible types of defects may contribute to this state: the oxygen vacancies and interstitial Ti atoms. According to the simulation, adsorbing hydroxyl groups do not greatly influence this state. 30 Based on our previous study on the 4 tert-butyl pyridine on TiO 2 , oxygen vacancies should still exist according to the similar sample preparation procedure. 31 At low coverage the molecular film does not display any HOMO structure, similar to FePc, 13 indicating that HOMO has a lower electron density for interfacial molecules, as previously suggested by the core level shifts and the absence of shake-up structure in the interfacial component. As the coverage increases, the HOMO gradually emerges at 1.4 eV aligned with the HOMO of the thick film. Meanwhile, the substrate defect state at 0.9 eV gradually decreases with increasing molecular coverage, but it is visible even at 2 ML coverage. A similar adsorption process has been found for other organic molecules. 29, 32, 33 It suggests that ZnPc does not prefer bonding to defects, contrary to 4-tert-butyl pyridine that preferentially binds to oxygen vacancies. 31, 34 Based on our theoretical calculations (Figure 1 , right) and other simulation reports, 25, 35 the HOMO of ZnPc is essentially the a 1u orbital with main contributions from pyrrole carbons, C P . Hence, when charge is removed a larger charge deficiency may be expected for the inner ring. Even though nitrogen and zinc contribute less to HOMO, they are indirectly influenced by charge variations in the HOMO. However, upon electron depletion, the charge will be redistributed over the molecular plane, 25 which may in turn result in a homogeneous charge distribution. In addition, final state effects are critical; both VB development and core level shifts agree with the theoretically predicted charge transfer from Pc to TiO 2 , where a strong orbital coupling was predicted. 3, 4 Although calculations were made for p-type anatase TiO 2 and our sample is n-type rutile TiO 2 (110), the orbital coupling is still possible. This will be discussed later.
At higher coverage there are several possible reasons for shifts in photoemission peaks. They can be of local character and of a more global character. The global ones are: charge transfer across the organic/TiO 2 interface leading to band bending shifts 36 and polarization screening from the substrate in the photoemission measurement, which exponentially decays with distance to the substrate. 37 In both cases one would expect shifts in the same direction and of (not exactly but) similar magnitude for all peaks. Typically when the screening is reduced, the shift goes to higher binding energy. In the present case, for bulk-like molecules which are not in direct contact with the surface, C P and Zn3d shift to higher binding energy while N1s shifts oppositely and no observable shift for HOMO. The absence of systematic coverage dependent shifts cannot be satisfactorily explained by the above two global effects. Meanwhile, interfacial molecules experience a strong site-specific chemical shift. Thus, we suggest that the local electronic structure (initial state) and the local charge transfer screening plays a dominant role in this case, similar to that on metal surfaces. 38 
NEXAFS
We use NEXAFS to characterize the empty molecular orbitals. The results in Figure 4 were collected at the nitrogen K-edge under two different polarizations: p and s. In Figure 4(a) , the spectra show a clear coverage dependence under p polarization. At the lowest coverage (bottom spectrum), only two principal transitions are observed: A´at 399.4 eV which is assigned to transitions into the lowest unoccupied molecular orbital (LUMO) on molecules at the interface, C at 402.7 eV with a weak shoulder at 401.7 eV (D), is related to transitions into higher empty π * orbitals.
After further deposition, a shoulder develops at lower photon energy and the spectra broaden. This shoulder continues to evolve into the dominant feature (A) at 398.7 eV at high coverage while A´gradually vanishes. Thus A corresponds to the N1s → LUMO transition in bulk-like molecules. It is reasonable to expect that the N1s → LUMO transition of the interface molecules requires higher photon energy since the N1s of interface molecules is deeper than that of bulk-like molecules by 1.7 eV. However, the core level shift is not necessarily comparable to the NEXAFS shift since the final states might be quite different: the PES final state is a core ionized state with external screening while the NEXAFS final state is neutral with a core hole and an electron in an excited state. 39 NEXAFS peak B develops in a manner similar to peak A; it is missing at 0.9 ML but emerges with increasing coverage. Transition C at 402.6 eV is visible (under this polarization) at almost the same position for all preparations, i.e., the energy difference between N1s and the related empty orbital are similar for both interfacial and bulk-like molecules.
Under s polarization, the line profile develops differently with coverage as illustrated in Figure 4(b) . At 0.9 ML, the resonant enhancements at A´and D are visible (although vaguely), but C is barely seen. In addition, A and B, which are related to transitions within bulk-like molecules, are not visible until above 2 ML coverage. Since the π * orbital are perpendicular to the molecular plane, the strongest transition from N1s to π * should be achieved when the polarization is normal to the molecular plane; the lowest intensity occurs when E vector is parallel to the molecular plane. For the configuration of interfacial molecules (0.9 ML), the azimuthal dependence has to be taken into account due to the potentially preferential adsorption of molecule on the twofold symmetric TiO 2 (110) surface, in which case the intensity of absorption peak is related with cos 2 φ (φ : azimuth angle). 40, 41 The TiO 2 (110) surface has bridge oxygen rows protruding out of the surface along [001] and five coordinated Ti row between. 29 Several previous results have found that (Figure 4(c) ). Additionally, several reports have shown that when Pc are adsorbed on metal surfaces the molecular plane will experience distortion and deformation. [45] [46] [47] [48] By using X-ray standing waves, Yamane et al. 46 reported that ZnPc is buckled on Cu(111), with the zinc center pulled towards the surface, and the carbon periphery also bending downwards compared to the central pyrrole nitrogen ring. Pre-fluorinated Pc (ZnPcF 16 and CuPcF 16 ) deform in the opposite direction on metal surfaces with the fluorine atoms facing the vacuum. [46] [47] [48] Thus, more theoretical and experimental work is needed to precisely determine the monolayer molecular configuration. At 3.8 ML, the line profiles in the π * region from the two polarizations resemble each other and are also consistent with previously reported results for ZnPc. 22, 49, 50 One can estimate the molecular tilt angle to 33 • by assuming a free azimuthal rotation because of the rather week interaction between the molecular layers (Figure 4(c) ). 40, 51, 52 All nitrogen atoms are in the inner part of the molecule, while carbon atoms are located both on the inner and outer parts of the molecular plane. We can use carbon K-edge NEXAFS to separate the information from inner and peripheral parts ( Figure 5 ). The spectrum collected at 3.8 ML resembles spectra from other metal phthalocyanines. [53] [54] [55] In general, A (284.3 eV) and A 1 (285.3 eV) are ascribed to C B and C P 1s → LUMO transitions, respectively, and their separation was explained by the different C1s binding energies. 53, 54 For a more detailed description, detailed theoretical calculations are needed. 56, 57 At 0.9 ML, the well separated A and A 1 peaks are replaced by a single asymmetric peak A 2 at 285.0 eV with a shoulder A 3 around 285.6 eV. The A 2 -A separation is similar to the PES C B separation between interfacial/bulk like molecules (0.8 eV), and we thus ascribe A 2 mainly to C B → LUMO transitions in interface molecules, while A 3 is assigned to the transitions from C P to LUMO. Transitions B and C are due to transitions from C1s to higher empty π * orbitals. There are no shifts at 3.8 ML between s and p polarization, but the intensity of all peaks is weaker at s-polarization, in agreement with a tilted geometry suggested by N K-edge NEXAFS. At 0.9 ML, transition B remains at the same position in p-polarization but is split into two weak features in s-polarization. Transition C is vaguely observed in p-polarization and not observed at all in s-polarization. These rather different line profiles, including A, A 1,2,3 , B and C, at low and high coverages indicate that distinctive molecular orbital symmetries, transition matrix and/or molecular configurations have been adopted by the interfacial state compared to the bulk state, also pointing to a potential orbital coupling at the interface. The first NEXAFS resonance corresponds to a final state with an electron in the LUMO and a core hole. 40, 58 While the photoemission final state usually be heavily influenced by different screening, The transition between core level and π * orbital in NEXAFS is generally much less affected by the final state screening, since the system is self-screened, and thus the transition shift can be regarded to be mainly dependent on the initial state. 40, 59 Core level photoemission is indistinguishable from NEXAFS only when the core hole is efficiently screened by electron transfer from the substrate to the unoccupied orbital. 40, 58 Figure 6 compares FIG. 6. The alignment of PES and NEXAFS for interfacial molecules (left) and bulk-like molecules (right). Single arrow represents the NEXAFS transition. Double arrow marks the core level differences. π * is the lowest excited state for both case, the value is determined by subtracting the excitation energy (hυ) in NEXAFS from the core level E B . For C B 1s, the PES binding energy difference matches the photon energy difference in NEXAFS. For N1s, N1s (i) is the initial state while N1s (f) represents the contribution from the additional final state screening in PES. In NEXAFS, the external final screening is not influential and thus mainly the initial state is probed. initial and final state effects of PES and NEXAFS for both interface and bulk-like molecules. The PES binding energy (E B ) is according to Figure 2 , while π * is determined by the E B -hυ from NEXAFS. The coincidence of the C B 1s chemical shift in PES and the A-A 2 NEXAFS shift indicates that the shift is mainly an initial state shift, due to different chemical environment. It also indicates that an efficient charge transfer screening channel exits in PES after removing a charge from system, the effect of which is comparable to that of the self-screening in NEXAFS. However, a larger discrepancy between the N1s chemical shift (1.7 eV) and the N NEXAFS shift (0.7 eV) is observed. For the same reason as above we assign the 0.7 eV to an initial state difference (N1s (i) ), while the additional ∼1.0 eV shift is due to poorer external screening at the molecular pyrrole ring, which leads to the final state N1s (f) . Hence, the different N1s and C B 1s chemical shifts on interfacial molecules is to a large extent due to a poorer screening on the inner ring than on the peripheral part, whereas the minor difference in NEXAFS shifts (0.7 eV N; 0.8 eV C B ) indicate only a slightly uneven charge distribution around the organic ligand. This was theoretically explained as the organic ligand moderates the extra charge. 25 Our 0.9 ML C K-edge NEXAFS resembles those from heavily potassium doped Pc films. [60] [61] [62] In the case of doping, LUMO is filled by electrons from the dopant and will consequently influence the transition probability from core level to LUMO. In addition, a new doping induced C1s component appeared between C P and C B , and the first absorption peak was assigned to a transition between this state and LUMO. 61 Additionally, Kröger et al. 63 found that in the submonolayer region CuPc experienced a substrate-mediated charge transfer from HOMO and HOMO-1 to LUMO on Ag(111) in order to minimize the energy. This leads to the following question: is the donation of electrons from HOMO accompanied by a back donation of electrons from the substrate into LUMO in our case?
Filling the LUMO usually gives additional photoemission intensity near the Fermi level, 27, 63 which is not supported by our valence band results. Moreover, when doping the organic film the transition to higher π * orbitals of both C and N K-edge (transition B and C) should shift to lower photon energy, [60] [61] [62] which is not the case here. Hence, we find no support for a back donation.
According to the analysis of NEXAFS and PES, interface molecules tilt on the surface, creating a channel for charge transfer. Upon adsorption, HOMO electrons transfer away from the molecule through this channel. The channel is also open for electron transfer in the opposite direction, for example following a core excitation. Due to the highly delocalized nature of the phthalocyanine π orbitals, 25 charge transfer from or to the substrate will be moderated within the whole molecular plane, leaving a rather even charge distribution. M.P. de Jong et al. reported that for Fe(II)tetraphenylporphyrin (FeTTP) adsorbed on MoS 2 , the phenyl group in the periphery experience a much faster charge transfer than the inner porphyrin part, even though the central Fe atom interacts with the substrate. 64 Taking the structural similarity between FeTTP and phthalocyanines into account, their results support our argument that a core excited benzene (phenyl) is better screened through charge transfer from the substrate than the pyrrole part. The smaller Lorentzian width on C B than on C P at the interface, indicates a longer core hole lifetime on C B than on C P which seems in conflict with the screening times. However, the core hole decay (Auger decay) takes place within the atom and can be much slower than that required to relax into a fully screen core-hole state. 65, 66 Earlier in the discussion, we mentioned that our previous work on FePc/TiO 2 showed rather homogeneous core level shifts on C P , C B and N1s by 1.2 ± 0.1 eV, which is apparently different from the present case. From comparison of NEXAFS shifts and PES shifts, we conclude that the discrepancy can be assigned to a poorer screening around the central organic ring in the ZnPc case. There are at least three aspects which may contribute to this scenario. Firstly, theoretical calculations 25, 35 and experiments 7, 8, 64, 67 predict and illustrate that the open shell Fe d−orbitals contribute to the HOMO and participate in the interaction with substrate or doping. However, the zinc metal center with filled d-orbitals is rather inert compared to Fe and less influenced by changes in the peripheral part of the molecule. Thus, Pc-substrate orbital hybridization through the central atom may generate different screening for interface molecules depending on the central atom. Secondly, the molecular tilt angle may influence the extent of orbital hybridization: for ZnPc it is about 30 • which may block the direct contact between Zn and substrate; whereas, FePc has a smaller contact angle seen by STM, 13 facilitating the central atom − substrate orbital hybridization. Thirdly, theoretical calculations 25 show that the bond length between the Fe and N 3c (∼1.92 Å) is shorter than that between Zn and N 3c (∼1.98 Å), which may also intrinsically influence the screening. Thus, the metal center can greatly influence the electronic properties of the organic ligand by introducing additional charge transfer channel.
CONCLUSIONS
Detailed analyses on the adsorption of ZnPc on TiO 2 by PES and NEXAFS have been carried out. We observe a clear difference in terms of electronic structure between interface molecules in direct contact with the substrate and those not in contact with TiO 2 . The interface molecules bind to the surface with the molecular plane 30 • from the surface plane, whereas at higher coverage the molecules tilt at 33 • . The growth is of island type at room temperature. In agreement with previous studies on Pc/TiO 2 , [13] [14] [15] [16] it is found that charge is transferred away from the molecular HOMO into the substrate. Further comparison between NEXAFS resonance shifts and PES shifts points to a considerable screening difference between molecular center and periphery. The different core level interface shifts between center and periphery of the organic ligand of ZnPc compared to FePc 13 is explained by the absence of the central metal related efficient charge transfer channel, showing the influence of metal atoms to the organic ligand.
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